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A bacterial toxin catalyzing tyrosine glycosylation of Rho
and deamidation of G4 and G; proteins

Thomas Jank!, Xenia Bogdanovi¢?, Christophe Wirth?, Erik Haaf?, Michael Spoerner?, Kira E B6hmer!,
Marcus Steinemann!, Joachim H C Orth!, Hans Robert Kalbitzer?, Bettina Warscheid3->6, Carola Hunte>¢ &

Klaus Aktories!-¢

Entomopathogenic Photorhabdus asymbiotica is an emerging pathogen in humans. Here, we identified a P. asymbiotica protein
toxin (PaTox), which contains a glycosyltransferase and a deamidase domain. PaTox mono-O-glycosylates Y32 (or Y34) of
eukaryotic Rho GTPases by using UDP-N-acetylglucosamine (UDP-GIcNAc). Tyrosine glycosylation inhibits Rho activation and
prevents interaction with downstream effectors, resulting in actin disassembly, inhibition of phagocytosis and toxicity toward
insects and mammalian cells. The crystal structure of the PaTox glycosyltransferase domain in complex with UDP-GIcNAc
determined at 1.8-A resolution represents a canonical GT-A fold and is the smallest glycosyltransferase toxin known. TH-NMR
analysis identifies PaTox as a retaining glycosyltransferase. The glutamine-deamidase domain of PaTox blocks GTP hydrolysis of
heterotrimeric Gey/11 and Ga; proteins, thereby activating RhoA. Thus, PaTox hijacks host GTPase signaling in a bidirectional
manner by deamidation-induced activation and glycosylation-induced inactivation of GTPases.

Several bacterial protein toxins and effectors target host proteins by
glycosylation in order to alter host cell functions such as immune-cell
signaling, organization of the cytoskeleton, protein synthesis or apop-
tosis!2. Prototypes of glycosylating toxins are toxins A and B from
Clostridium difficile, a pathogen causing antibiotic-associated diarrhea
and pseudomembranous colitis®. The toxins glycosylate Rho proteins
and inhibit Rho-dependent signaling. Effectors of the Lgt family of
Legionella pneumophila, the cause of Legionnaires’ disease, glycosylate
eukaryotic elongation factor 1A, thereby inhibiting protein synthesis?.
So far, all these toxins and effectors modify target proteins by mono-
O-glycosylation at threonine or serine residues. Notably, mono-O-
glycosylation by eukaryotic enzymes occurs exclusively at serine and
threonine residues. Accordingly, serine and threonine residues are
sites for cytoplasmic or nuclear mono-O-glycosylation catalyzed by
O-linked B-N-acetylglucosamine (O-GlcNAc) transferase®.

We set out to clarify the mode of action of a new bacterial pro-
tein toxin, PaTox, from P. asymbiotica, which has been recognized
as an emerging human pathogen®. Photorhabdus species are known
as luminescent entomopathogenic bacteria, which are mutualistically
associated with soil nematodes of the genus Heterorhabditis®. The
nematodes harbor Photorhabdus bacteria in their intestine and invade
insect larvae, where they release the bacteria’. Upon contact with the
insect hemocoel, Photorhabdus release several protein toxins. The
toxins inhibit insect immune responses and eventually kill the insect
larvae’. The remaining cadaver functions as a nutrition source for

proliferation of nematodes and bacteria. Among the genus Photorhabdus,
P. asymbiotica is apparently the only pathogen affecting humans, caus-
ing invasive soft-tissue and disseminated bacteremic infections®?.
P asymbiotica was first described as a nonsymbiotic strain® but was
later found to be associated with nematodes as well!?. Genome analysis
revealed that P. asymbiotica acquired virulence factors from diverse
human pathogens, including Salmonella and Yersinia species, which
are not found in other Photorhabdus species!!.

Accordingly, PaTox contains a C-terminal region exhibiting
sequence similarity with the Salmonella effector Ssel (also known
as SrfH). Ssel is translocated into host cells by the type III secretion
system SPI-2 and seems to be involved in control of host immune-cell
migration!?13. Although the crystal structure of Salmonella Ssel was
reported, showing similarity with deamidases, the enzyme activity of
Ssel remained unclear!4.

We report that the glycosyltransferase activity of PaTox modifies
Rho GTPases by tyrosine mono-O-glycosylation to result in inhibi-
tion of Rho signaling. The Ssel-like domain activates heterotrimeric
Go. proteins by deamidation, thereby activating small Rho GTPases
through Gog and Goyy; (Gog11)- Activation of Rho appears to be a
prerequisite for mono-O-glycosylation. Tyrosine glycosylation of
Rho inhibits downstream signaling by an impaired interaction with
diverse regulator and effector proteins of Rho and, eventually, leads
to actin disassembly, blockade of phagocytosis and insect-host and
mammalian-cell death.
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a delivery system. Cytochalasin D, which causes Time (h) 8§ =" g 20,0007

depolymerization of actin, is a positive control. S 15,000 -

Top, overlay of microscopy images; bottom, %

quantification of phagocytosis by fluorescence g 10,0001

spectroscopy (means + s.d. from three technical g 5000+

replicates). (e) Nomarski (left) and fluorescence E’ o
£ .

(right) microscopy to assess the effects of PaToxG
on the actin cytoskeleton. Hel a cells were treated
with PaToxC or inactive PaToxG(NxN) without and
with PA as a delivery system. Right, actin was
stained with tetramethylrhodamine isothiocyanate
(TRITC)-phalloidin and nuclei with 4’,6-diamidino-
2-phenylindole (DAPI). Scale bars, 50 um (d and
e, left) or 10 um (e, right).

RESULTS

PaTox is a glycosyltransferase

Using basic local alignment search tool (BLAST)-based analyses, we
identified sequence motifs in P. asymbiotica known from glycosylat-
ing toxins in Clostridium and Legionella (Supplementary Fig. 1a)2.
The toxin sequences are characterized by an aspartic acid-X-aspartic
acid (DxD) motif important for the coordination of a divalent cation
and for nucleotide-sugar binding!®. The gene identified encoded a
putative protein toxin of 2,957 amino acids with a proposed glycosyl-
transferase domain in the C terminus containing an extended DxDD
motif (Fig. 1a). We found a region downstream of this domain that
exhibited ~68% sequence similarity with the Salmonella virulence
factor Ssel, whose function is unknown!4. We could not recognize
other substantial sequence similarities.

From P. asymbiotica, isolated from a patient’s leg wound?, several
fragments of the toxin were cloned (Fig. 1a), expressed in Escherichia
coli and purified as histidine-tagged proteins. In order to analyze the
toxicity of PaTox, we injected full-length protein into the hemocoel
of Galleria mellonella (greater wax moth) larvae (Fig. 1b,c). Within
53 h, a strong dorsal melanization appeared, and all toxin-treated
insect larvae died after 88 h. When we changed the DxD motif of
the glycosyltransferase domain to asparagine-X-asparagine (NxN) by
mutagenesis, no significant melanization of the larvae occurred, and
61% of the larvae survived, thus indicating a crucial function of the
putative glycosyltransferase in toxicity. Because Photorhabdus inhibits
the innate immune system of the host!®17, we studied the effect of
the putative glycosyltransferase domain (PaToxS) on phagocytosis
by mammalian J774 macrophages. Therefore, we introduced puri-
fied PaToxC into macrophages, using protective antigen (PA), the
component of anthrax toxin responsible for binding and transloca-
tion, as a delivery system!®1%, PaToxC strongly blocked phagocytosis
of fluorescently labeled E. coli particles (Fig. 1d). By contrast, when
we changed the DxD motif of PaToxS to NxN by mutagenesis, the
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antiphagocytic effect was blocked. An intact actin cytoskeleton is
crucial for phagocytic activity. Therefore, we studied the effects of
PaToxC on the actin cytoskeleton of HeLa cells, using PA as a delivery
system. PaToxG induced major morphological changes and disassem-
bly of actin filaments (Fig. 1e). Again, the NxN mutant of PaToxC was
without cytotoxic effects (Fig. 1e), results suggesting the essential role
of a glycosyltransferase activity.

PaToxC modifies a tyrosine residue of Rho GTPases

To identify the cellular substrate of PaTox, we incubated mammalian
macrophage (J774 cell) extracts with PaToxG and various radiolabeled
UDP sugar donors. Subsequent SDS-PAGE analysis revealed radio-
actively labeled proteins with molecular masses of ~23 kDa in the
presence of UDP-[!“C]GlcNAc but not with UDP-[!4C]galactose
or UDP-[*C]glucose (Fig. 2a). We confirmed sugar-donor spe-
cificity by determination of the UDP-GIcNAc hydrolase activity of
PaToxC (Supplementary Fig. 1c). ['*C]GlcNAc-modified proteins
migrated similarly in SDS-PAGE (Fig. 2a) to Rho GTPases, which
are key regulators of the actin cytoskeleton. Therefore, we tested sev-
eral small GTPases as substrates in in vitro glycosylation (Fig. 2b).
These studies revealed toxin-induced GlcNAcylation of RhoA, RhoB,
RhoC, Racl, Rac2, Rac3 and Cdc42. By contrast, other GTPases of
the Rho, Ras or Rab families were not modified. Glycosylation strictly
depended on the DxD motif of PaToxS. An NxN mutant was inactive
(Supplementary Fig. 1d). Thus, PaTox was a highly donor-specific
and acceptor-selective glycosyltransferase.

To disclose the glycosyl-acceptor residue in Rho modified by
PaToxG, we applied tandem-MS analyses but were initially not able to
identify the modification by looking for conventional acceptor amino
acids as glycosyl acceptors (serine, threonine and asparagine). We
included unconventional glycosyl-acceptor amino acids (tyrosine,
tryptophan and arginine) in the search algorithm and found that Y34
of RhoA and the equivalent Y32 of Rac and Cdc42 were covalently
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Figure 2 Photorhabdus glycosyltransferase GIcNAcylates Rho GTPases at a tyrosine residue. (a) Left, autoradiogram of SDS-PAGE from macrophage

(J774 cell) lysate incubated with and without PaToxG in the presence of 14C-labeled UDP sugars (Glc, glucose; GlcNAc, N-acetylglucosamine;

Gal, galactose). MW, molecular weight. Right, western blot analysis with the indicated antibodies. (b) Autoradiogram and Coomassie staining of
SDS-PAGE to assess substrate specificity of PaTox. Rho-, Ras- and Rab-family proteins were in vitro glycosylated by PaToxG with UDP-[14C]GIcNAc.
(c) MS/MS analysis of PaTox-modified RhoA, identifying Y34 as acceptor amino acid. Sequence-specific fragment ions are annotated in blue

(b-type ions) or green (y-type ions). m/z, mass/charge ratio. (d—f) Autoradiograms and Coomassie stainings of in vitro 14C-GlcNAcylated wild-type (WT)
RhoA (d,f), Racl, Cdc42 (e) and indicated mutants by PaToxG. C. difficile toxin B, which glucosylates T37 of RhoA, was used as a control with

UDP-[14C]glucose. (g) Amino acid sequence alignment of Rho GTPases in the

region of the switch | loop. The GIcNAc-acceptor tyrosine is marked

with an arrow. The alignment was prepared with Clustal W and ESPript 2.2 (http://espript.ibcp.fr/). Identical residues are boxed and shown in red,

and similar residues are in blue. Full-length images of gels, immunoblots and

autoradiographs are shown in Supplementary Figure 6.

modified by N-acetyl hexosamine (Fig. 2¢,d and Supplementary
Fig. 2). We verified the modification at these tyrosine residues by
mutational studies (Fig. 2d,e). Exchange of Y32 (or Y34) in RhoA, Rac
and Cdc42 with phenylalanine prevented glycosylation by PaToxG,
whereas glucosylation with C. difficile toxin B, which modifies Rho
proteins at T37 (RhoA) and T35 (Rac and Cdc42)20, was still possible.
Conversely, change of T37 of RhoA to alanine prevented modification
by C. difficile toxin B, whereas GlcNAcylation by PaToxC remained
unchanged. For a control, we changed Y42 of RhoA to phenylalanine.
This mutation did not affect glycosylation by PaToxS or by toxin B
(Fig. 2d). Moreover, exchange of Y34 in RhoA with serine or threo-
nine prevented modification by PaToxS, thus indicating that the new
type of modification is highly specific for tyrosine (Fig. 2f).

To study whether the modification of Rho proteins occurs during
the infection process, we infected insect Sf9 cells with P. asymbiotica
and Photorhabdus luminescens for 14 h. We could show that glyco-
sylation at the switch I tyrosine residue of Rho was only found in
P. asymbiotica-infected cells but not in cells infected with P. luminescens,
which lacked the gene encoding PaTox (Supplementary Fig. 2e.f).

Crystal structure of PaToxC

In order to gain insights into the structural basis of PaTox-induced
tyrosine glycosylation, we crystallized and determined the X-ray
structure of PaToxS in complex with UDP-GIcNAc at 1.8-A resolution
(Fig. 3a, Table 1 and Supplementary Fig. 3a,b). The obtained structure
showed a remarkably small protein glycosyltransferase with a cone-like
shape comprising a globular catalytic head and a three-helix bundle.
The glycosyltransferase domain revealed a Rossmann-like fold with a
central six-stranded [3-sheet sandwiched by a-helices on both sides.
UDP-GIcNAc was bound by several residues in the enzyme’s active site
(Fig. 3b-e). Thereby, U nucleoside was tightly bound, with the base
moiety stabilized by aromatic stacking and with all possible hydrogen
bond positions satisfied, thus providing specificity for the nucleoside
(Fig. 3b,c). The divalent cation was coordinated by the pyrophosphate
of UDP and the carboxylate groups of the extended DxDD motif
(Fig. 3d). The GIcNAc moiety was specifically bound by direct and
water-mediated hydrogen bond interactions exposing the anomeric
C1 atom to the solvent (Fig. 3e). Several amino acids involved in
UDP-GIcNAc interaction were conserved, and their exchange reduced
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Figure 3 Crystal structure of PaToxG. (a) Three-
dimensional structure of PaTox® with UDP-GIcNAc
(yellow) bound to the active center. a-helices and
B-strands are numbered consecutively. (b—e) Close-
up views of the UDP-GIcNAc-binding site of PaToxC.
Side chains involved in UDP-GIcNAc (yellow)
binding are shown as sticks and a divalent metal ion
(M2+) as a green sphere. (b) Aromatic stacking of
the nucleotide base with the side chain of W2170.
Base specificity is conferred by two hydrogen

bonds with backbone atoms of 12171 and a water-
mediated hydrogen bond to T2173 and K2174.

(c) Stabilization of the ribose moiety by the side
chains of S2259 and D2276, the backbone nitrogen
atom of 12169 and a water molecule. (d) Interactions
of the extended DxDD motif. Cocrystallized Ca2*
(M2+) is coordinated by oxygen atoms of both
phosphate groups, the carboxylate groups of the
extended DxDD motif (D2276-x-D2278-D2279)
and a water molecule. (e) Stabilization of the GIcNAc
moiety by direct and water-mediated hydrogen bonds
of N2312, D2260, R2263 and Y2300.

transferase activity dramatically in the case of W2170A, D2260A and
R2263A (Supplementary Table 1). We obtained corroborating results
when we applied the mutants PaToxG-D2260A and PaToxG-D2263A
to cell intoxication experiments (Supplementary Fig. 3c). Notably,
mutation of the residues of the extended DxDD motif D2276N,
D2278N and D2279N strongly affected tyrosine glycosylation of RhoA
(Supplementary Table 1).

The structure clearly assigned PaToxS to the glycosyltransferase
GT-A family. Despite negligible sequence similarity, the catalytic
domain revealed a similar structure to toxin glycosyltransferases from
Clostridium spp. and Legionella (Supplementary Table 2). All of these
structures have substantial insertions, particularly in the acceptor-
binding fold. Furthermore, structural homology was high for SpsA,
the prototype of GT-A enzymes, and to glycogenin. The analysis
showed that the catalytic domain of PaTox® exhibits the smallest
known structure for glycosyltransferase toxins and represents the
canonical GT-A fold (Supplementary Fig. 3b).

Functional consequences of tyrosine GlcNAcylation
In Rho proteins, the glycosyl acceptor Y32 (or Y34) is located in the
switch I region (residues 28-42), which rearranges between the GDP-
and GTP-bound form of the GTPases (Supplementary Fig. 4a,b).
However, GlcNAcylation did not alter the binding of fluorescently
labeled N-methylanthraniloyl (mant)-GDP (Supplementary Fig. 4c)
and mant-GppNHp (Supplementary Fig. 4d), a nonhydrolyzable
GTP analog, to RhoA.

In general, Rho proteins are regulated by a GTPase cycle (Fig. 4a)?!.
G nucleotide-exchange factors (GEFs) induce GDP-to-GTP exchange
and thereby activate GTPases. In the active conformation, Rho pro-
teins interact with effector proteins, which promote downstream
signaling. Inactivation of Rho is mediated by GTPase-activating pro-
teins (GAPs), which accelerate GTP hydrolysis. We studied the steps
of the GTPase cycle, which were affected by PaTox-induced modifica-
tion. Tyrosine GlcNAcylation strongly blocked the activation of RhoA
by leukemia-associated RhoGEF (LARG) (Fig. 4b), PDZ-RhoGEF
(Supplementary Fig. 4e) and p47-LBC GEF (Supplementary
Fig. 4f). To study RhoA-effector interaction, we pretreated HeLa
cells with PaToxC in the presence of PA and, for comparison, with
Rho-inhibiting toxin B2 or the Rho-activating cytotoxic necrotizing
factor (CNF)?2. Thereafter, we stimulated Rho activity by addition

of serum to the cell medium. Pulldown experiments with the Rho-
binding domain of the effector Rhotekin (Fig. 4c) revealed inhibi-
tion of RhoA-Rhotekin interaction by PaTox® and toxin B, whereas
in mock and CNF-treated cells RhoA was precipitated by Rhotekin
beads. Also, in vitro studies with recombinant RhoA, Rac and Cdc42
and the effectors Rhotekin and PAK showed that toxin-induced
GlcNAcylation blocked interaction of Rho proteins with their effectors

Table 1 Data collection and refinement statistics
PaToxG-UDP-GIcNAc

PaToxG SeMet

Data collection?

Space group c2 c2
Cell dimensions
a b, c(h) 145.82,42.13,116.37 145.80,41.87,113.98
o, B, 7(°) 90.0, 99.52, 90.0 90.0, 99.6, 90.0
Peak
Wavelength 1.0000 0.9782
Resolution (A)P 57.38-1.80 (1.90-1.80) 60.00-1.80 (1.90-1.80)
Rmerge 0.17 (2.30) 0.17 (2.61)
I/ol 7.6(1.1) 18.2(2.9)
Completeness (%) 98.8 (98.5) 92.9 (87.9)
Redundancy 8.6 (7.8) 5.7 (5.3)
Refinement
Resolution (A) 56.92-1.80

No. reflections

61,067 (4,431)

Ruwork ! Riree 0.22/0.26
No. atoms
Protein 4,462
Ligand 78
Water 208
B factors
Protein 31.23
Ligand 31.82
Water 35.00
r.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 1.285

aFor each data set, one crystal was measured. SeMet, selenomethionine. ®Values in parentheses
are for highest-resolution shell.
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Figure 4 Functional consequences of RhoA GlcNAcylation at Y34. (a) Rho
activates Rho. Active, GTP-bound Rho interacts with endogenous effectors.

GTPase cycle. GDP-bound Rho is inactive. Nucleotide exchange by GEF
GAPs inactivate Rho by facilitating GTP hydrolysis. Pj, inorganic phosphate.

(b) Nucleotide exchange induced by RhoGEF LARG. Fluorimetric analysis of mant-GDP nucleotide exchange with wild-type RhoA or GIcNAcylated
RhoA; RhoGEF LARG was added or not after 5 min. Data are representative of two independent experiments. (c) Western blot analysis of Rho-effector

interaction. RhoA pulldown with Rhotekin-coupled beads from Hela cells t
necrotizing factor (CNF), or left untreated (mock), after serum stimulation.

reated with PaToxG (plus PA for delivery), C. difficile toxin B or cytotoxic
Bound RhoA was detected by anti-RhoA antibody. Immunoblots of total

RhoA and GAPDH are shown as loading controls. Data are representative of three independent experiments. Full-length western blots are shown
in Supplementary Figure 7a. (d) Time course of [y-32P]GTP hydrolysis by wild-type RhoA or GIcNAcylated RhoA, incubated without or with

p50Rho-GAP. Remaining RhoA-bound GTP is shown relative to initial loadi

ng (mean £ s.d.; n = 3 technical replicates). (e) Western blot of glutathione

S-transferase (GST)-p50GAP-RhoA interaction. Wild-type and GIcNAcylated RhoA were preloaded with GTPyS or GDPBS. Full-length blots are

shown in Supplementary Figure 7b.

(Supplementary Fig. 4g). Finally, PaTox® strongly inhibited GAP
(p50Rho-GAP)-stimulated GTPase activity of RhoA (Fig. 4d).
Accordingly, the toxin blocked the direct interaction of Rho-GAP
with GlcNAcylated RhoA (Fig. 4e).

In order to find the basis of impaired effector and regulator inter-
action, we followed PaToxG-mediated glycosylation of RhoA by 'H-
NMR measurements and found that changes caused by GlcNAcylation
were restricted to Y34 only and did not alter the arrangement of the
switch I region (Fig. 5a). This suggested that the attached GlcNAc
residue impaired effector and regulator interaction, probably by
steric hindrance.

stereospecific and transferred the sugar with net retention of the
configuration of the anomeric C1” position with respect to the
donor substrate. Thus, we could assign PaTox to the family of
retaining glycosyltransferases.

Ssel-like domain of PaTox deamidates Go: proteins

By analyzing the preferred nucleotide-binding state of Rho for tyro-
sine GlcNAcylation, we observed that RhoA loaded with the GTP
analog GTPYS or GppNHp was readily glycosylated, whereas GDP or
GDPf3S-loaded Rho was poorly modified (Supplementary Fig. 4h,i).

a
PaToxC is a retaining glycosyltransferase 0

To clarify the stereochemistry of the o
glycosyl-transfer reaction, we performed 'H-

NMR spectroscopy of tyrosine-GlcNAcylated i Q

RhoA. We obtained a resonance of H1” of (<1 ff's’.
the protein-bound GlcNAc as a doublet at y
5.49 p.p.m. and determined a J-coupling value @

6.0

of 3.4 Hz, which was consistent with a sugar T T
covalently attached in the o-anomeric con-
figuration to the hydroxyl of Y34 (Fig. 5b,c).
This revealed that PaTox was highly

Figure 5 1H-NMR analysis of GIcNAc-modified

-7.0

8.0

RhoA. (a) Superposition of 'H-TOCSY spectra of T T
native RhoA (red) and RhoA modified by PaTox®

(blue) together with the corresponding 1H 1D

NMR spectra of native and modified RhoA. The c
spectral changes observable are restricted to
Y34 only. (b) Superposition of 1H-NOESY (red)
and 1H-TOCSY (blue) spectra of modified RhoA.
The cross-signals from H8 and He of Y34 to the
H1’ of protein-bound GIcNAc (5.49 p.p.m.)

are indicated. (c) Detail of the 1H 1D spectra
of native and modified RhoA. The zoom view
shows the resonance of H1” of the protein-
bound GIcNAc after application of a Gaussian
filter. The doublet at 5.49 p.p.m. was fitted by
a Gaussian function and provides a J-coupling
value of 3.4 £ 0.5 Hz (digital resolution during
data acquisition).
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Figure 6 The Ssel-like domain of PaTox deamidates
heterotrimeric Go. proteins. (a) Fluorescence
micrographs of Hela cells treated with
PaToxG(NxN)P (glycosyltransferase inactive
and deamidase active) or PaToxG(NxN)P(CS)
(glucosyltransferase inactive and deamidase
inactive) and PA as a delivery system after cell
starvation. Rho-activating CNF and PA alone
are controls. Actin and nuclei were stained by
TRITC-phalloidin and DAPI, respectively. Scale
bar, 10 um. Data are representative of three
independent experiments. (b) RhoA activation
by PaTox. Western blot of RhoA precipitation by
GST-Rhotekin pulldown on Hela cells treated
with the indicated proteins with or without

PA. Total RhoA, GST-Rhotekin and GAPDH

are loading controls. Data are representative

of two independent experiments. Uncropped
blots are shown in Supplementary Figure 7c.
(c) Western blot analysis of toxin-induced
deamidation of heterotrimeric Go. proteins in
Hela cells treated with the indicated proteins, d
using the monoclonal deamidation-specific

antibody anti-Go. QE (3G3). Immunoblots

of total Go,y and GAPDH are input controls.

Data are representative of three independent
experiments. Uncropped blots are shown in
Supplementary Figure 7d. (d) MS/MS analysis

of PaTox-catalyzed deamidation of Gajp at

Q205. MS/MS spectra of the tryptic peptide
199-MFDVGGQR-206 (top) and its deamidated

form 199-MFDVGGER-206 (bottom) of

Goiip observed at m/z 455.214(2%) and

m/z 455.709(2%), respectively.

PaTox®(NxN)®

Goy, peptide

miz 455.214®*)

Deamidated
Gay, peptide
This was in contrast to glucosylation of RhoA
by toxin B at T37, a modification that occurs
preferentially with GDP-bound GTPases
(Supplementary Fig. 4h)20, Because under
basal conditions the major cellular fraction of
Rho is in the inactive GDP conformation, we
were surprised to find that the GIcNAc transferase—deficient fragment
PaToxG(NxN) P, which contains the functional Ssel-like domain (D),
induced strong formation of stress fibers, a result indicating RhoA
activation (Fig. 6a). Thus, we assumed that stress-fiber formation
depended on the Ssel-like domain.

The Ssel-like domain exhibits sequence similarity with papain-like
proteases and ~20% identity to the deamidase domain of Pasteurella
multocida toxin (PMT) (Supplementary Fig. 1b). PMT activates
heterotrimeric G proteins by deamidating a glutamine residue essen-
tial for GTP hydrolysis?3. The deamidase activity of PMT depends
on a catalytic triad of cysteine, histidine and aspartic acid, which is
also conserved in the Ssel-like domain of PaTox (Supplementary
Fig. 1b). When we additionally changed the equivalent catalytic
cysteine (C2509 in PaTox) to serine in the Ssel-like domain (to form
PaToxG(NxN)P(CS)), stress-fiber formation was blocked (Fig. 6a).
Moreover, pulldown experiments with the Rho effector Rhotekin
revealed that the glycosyltransferase-deficient mutant PaToxG(NxN) P,
which contained the Ssel-like domain, caused activation of RhoA
and interaction with Rhotekin (Fig. 6b). We used CNF as a control,
which directly activates Rho proteins by deamidation of Q61 (or Q63).
Again, tyrosine GlcNAcylation by PaToxC was dominant and blocked
activation of RhoA by CNE MS analyses revealed that RhoA, Racl and
Cdc42 were not deamidated by PaToxGP. To test whether PaToxG-P
possessed a deamidase activity similar to that of PMT, we used a
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monoclonal antibody that selectively recognized the deamidation of
a crucial glutamine residue in the switch II region of heterotrimeric
G proteins?%. This antibody recognizes deamidation of Go. subunits
by PMT and reacted with Go. subunits after treatment of cells with
PaToxSP (Fig. 6¢). By contrast, when we changed C2509 to serine
(to form PaToxG-P(CS)), deamidation was impaired. The antibody
interaction occurred with PaToxSP containing the active or inactive
GlcNAc transferase domain. We further analyzed purified o subunits
of Gy, Gy, Gg, G11, G1, Gz and Gg. These studies revealed that, under
the conditions used, PaToxSP deamidated only Goy, Gog and Goyy
(Supplementary Fig. 5a). To prove deamidation of heterotrimeric
G proteins, we performed MS analysis with PaTox%P-treated Goy
and identified deamidation of Q205 (Fig. 6d). This glutamine resi-
due is conserved throughout the Go superfamily and is involved in
GTP hydrolysis, thereby terminating the active state of the GTPase?”.
Deamidation of the pivotal glutamine residue results in an inhibition
of the GTPase activity and arrests the G protein in a permanent active
state. It is known that the Got;; and Gou 3 (Gotyy/13) and Gogq; families
are capable of activating RhoA through GEFs such as p115RhoGEF
and p63RhoGEEF, respectively. To identify the G protein responsible
for Rho activation by PaTox, we used Goy/1;- and Gatyy13-deficient
mouse embryonic fibroblasts (MEFs) and analyzed PaToxS(NxN)P-
induced stress-fiber formation (Supplementary Fig. 5b). Only wild-
type and Goiy,3-deficient MEFs, but not Goy,;;-deficient cells,
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showed stress-fiber formation upon toxin treatment, a result indicat-
ing Rho activation through Gogy;.

PaTox enters the cytosol from endosomes

In order to analyze the uptake of PaTox into target cells, we incubated
RAW 264.7 cells with full-length PaTox in the presence of bafilomy-
cin Al or brefeldin A and analyzed PaTox uptake by deamidation of
Go proteins (Supplementary Fig. 5¢). Whereas the C-terminal toxin
fragment PaToxGP could not enter the cell without the cell-delivery
component PA, full-length PaTox entered the cytoplasm of the cell
and deamidated Gou proteins very efficiently. Bafilomycin Al but
not brefeldin A inhibited the toxin effect, thus indicating that PaTox
translocation into the cytoplasm was dependent on the acidification of
an early-endosomal compartment and did not succeed through Golgi
retrograde trafficking to the endoplasmic reticulum, which would be
affected by brefeldin A.

DISCUSSION

Here, we report on PaTox, a new toxin from P. asymbiotica that targets
Rho proteins by tyrosine glycosylation and heterotrimeric G proteins
by deamidation. We suggest that PaTox is a single-chain AB toxin with
two catalytic domains at the C terminus and a receptor-translocation
domain at the N terminus, and it probably enters host cells from
early endosomes.

Rho as a target is shared by several bacterial protein toxins and
effectors!?%. P. luminescens, which is related to P. asymbiotica, pro-
duces a toxin complex (Tc) that modifies Rho proteins of insect target
cells. The active component, TccC5, activates Rho proteins by ADP
ribosylation at Q61 (or Q63)1°. Notably, P. asymbiotica does not con-
tain TccC5. However, PaTox is unique for P. asymbiotica and is not
present in other Photorhabdus species. Accordingly, we detected tyro-
sine GlcNAcylation only during P. asymbiotica infection of insect cells
but not during P. luminescens infection. Whether PaTox is essential
for infection in humans remains to be clarified.

Intriguingly, PaTox GlcNAcylates Rho proteins selectively at Y32
(or Y34). This unusual modification was highly specific with respect
to the acceptor amino acid. Y32 (or Y34) is a highly conserved amino
acid located in the switch I region of Rho proteins, a region crucial
for regulation and binding to downstream effectors. GlcNAcylation of
Y32 (or Y34) inhibits activation of Rho proteins by GEFs, blocks GAP
binding and inhibits effector interaction. Consequently, Rho signaling
is impaired, and this results in disassembly of the actin cytoskeleton
and eventually in cell death. Notably, the same site, Y32 (or Y34), is
adenylylated (AMPylated) by the Histophilus somni effector IbpA?7,
and modification prevents effector interaction, thus indicating the
pivotal functional role of this residue in Rho GTPases. Interestingly,
the active GTP-bound conformation of Rho is the preferred substrate
for PaTox-induced glycosylation. By contrast, the inactive GDP-bound
form of RhoA is favored as a substrate for modification of T35
(or T37) by clostridial glucosylating toxins?8.

Glycosyltransferases are classified as inverting or retaining
enzymes, depending on the stereochemical outcome of the transfer
reaction at the anomeric glycosidic bond with respect to the donor
substrate?®. Our 'H-NMR analysis showed that PaTox is highly
stereospecific and assigns PaTox to the family of retaining glycosyl-
transferases. Moreover, NMR measurements with RhoA revealed
that changes caused by GlcNAcylation are restricted to Y34 only and
do not alter the arrangement of the switch I region, thus suggest-
ing that the attached GIcNAc residue impairs effector and regulator
interaction, probably by steric hindrance. This is in contrast to the
H-Ras and Rac glucosylating Clostridium sordellii lethal toxin, which
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stabilizes the inactive GDP-bound conformation and thereby prevents
effector interaction3?. The stereochemistry of the attached sugar is
important to prevent sugar removal by endogenous stereoselective
glycosidases. In the eukaryotic cytoplasm exists an O-GlcNAcase that
is a specific B-glycosidase and is not able to hydrolyze o.-glycosidic
linkages®!. Also, in lysosomes o-glycosidases (EC 3.2.1.50) are
present. However, it is questionable whether they reach the cytoplasm.
Nevertheless, it would be of interest to study whether they are able to
cleave tyrosine-glycosylated substrates.

The crystal structure of PaToxC revealed a unique GT-A structural
fold, which is the smallest known for glycosyltransferase toxins, as
PaToxO lacks extending subdomains. Those subdomains have been
shown to be crucial for Rho versus Ras recognition by clostridial
glucosylating toxins (for example, C. difficile toxin B and C. sordellii
lethal toxin)32. Therefore, we suggest that PaToxC interacts with Rho
in a distinct mode.

Mono-O-GlcNAcylation of serine and threonine residues in the
nucleocytoplasm is a well-known mechanism mediated by O-GlcNAc
transferase?. Tyrosine residues are known to become post-translationally
modified by phosphorylation or sulfation, but attachment of a sugar
onto a tyrosine hydroxyl group in eukaryotes has only been described
for glycogenin. This enzyme synthesizes a maltosaccharide chain by
autoglycosylation of a tyrosine in a stepwise reaction, and this initiates
glycogen synthesis3334. It is intriguing that, besides bacterial glycosylating
toxins, P, asymbiotica PaTox glycosyltransferase shares the highest struc-
tural similarities with glycogenin and uses mono-O-GlcNAcylation
of tyrosine to control the activity of eukaryotic host GTPases.
Recent genetic and O-glycoproteome analyses reported that tyrosine
glycosylation may also exist in eukaryotic and prokaryotic glycoproteins.
Whereas in prokaryotes a tyrosine-modifying O-oligosaccharyl protein
transferase (Paenibacillus alvei WsfB) has been recently identified by
Messner and colleagues??, in eukaryotes tyrosine glycosyltransferases
remain enigmatic30-37. It appears that tyrosine glycosylation is an over-
looked and rather unexplored modification.

We identified a deamidase domain downstream of the glycosyl-
transferase domain of PaTox, with similarity to Ssel. Although the
crystal structure of Salmonella Ssel was shown to be very similar to
PMT, enzyme activity or substrates of Ssel remained enigmatic'4. Here
we show that the Ssel-like domain of PaTox activates G; and Gq/1; by
deamidation of a crucial glutamine residue involved in GTP hydroly-
sis of the G proteins. From our results, we speculate that Salmonella
Ssel is also a Got protein-deamidating effector, which might modulate
host-cell migration in a Gg/11. or Gi-dependent manner3®. Because
PaTox activates several heterotrimeric G proteins, the functional con-
sequences of their activation are difficult to elucidate and require
further analyses. However, it is intriguing that the preferred substrate
of Rho inhibition by glucosylation is the GTP-loaded form of Rho.
GDP-GTP exchange of RhoA might be triggered through signaling
pathways mediated by the deamidation of Goyy; (ref. 39).

Thus, the same toxin causes activation (through PaToxP) and inac-
tivation (through PaToxS) of Rho proteins. Because glycosylation-
induced inactivation dominates, it remains to be clarified whether
these opposing actions occur in a defined spatiotemporal manner
during host infection, similarly as reported for the activation and
inactivation of Rho proteins by the Salmonella RhoGEF SopE and
RhoGAP SptP, respectively4?, or bidirectionally, as in the regulation
of Rab proteins by Legionella effectors*!. In conclusion, PaTox is a
new protein toxin that interferes with host-cell signaling by a specific
tyrosine glycosylation of Rho proteins and by deamidation of heterot-
rimeric Go proteins. Our data open new perspectives in carbohydrate
and bacterial-toxin research.
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METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structural factors for the reported
crystal structure have been deposited in the Protein Data Bank under
accession code 4MIX.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Materials, bacterial strains and plasmids. DNA-modifying enzymes were from
Fermentas (St. Leon-Rot, Germany), Phusion High-Fidelity DNA Polymerase
from New England Biolabs (Ipswich, MA) and PfuUltra HF DNA Polymerase
from Stratagene (Waldbronn, Germany). UDP-['*C]glucose and UDP-[!4C]
N-acetylglucosamine were from Biotrend (Cologne, Germany). UDP-
[14C]galactose was from PerkinElmer Life Sciences (Rodgau, Germany).
2/(3")-O-(N-methylanthraniloyl) guanosine 5-diphosphate (mant-GDP) and
mant-guanosine 5'-[B,y-imido]triphosphate (mant-GppNHp) were from Jena
Bioscience (Jena, Germany). The pET28a vector was from Novagen (Madison, WI),
and pGEX-4T1 and pGEX-4T3 were from GE Healthcare (Freiburg, Germany).
P asymbiotica subsp. asymbiotica (ATCC 43950) and P, luminescens subsp. laumondii
(DSM 15195) were from the German Collection of Microorganisms and Cell
Cultures (DSMZ) and were cultivated in CASO bouillon at 28 °C. E. coli TG1 was
used for general cloning and protein expression of pGEX constructs. E. coli BL21
(DE3) CodonPlus (Stratagene) was used for protein expression of pET constructs.
Toxin B was prepared from C. difficile supernatants as described*2. Recombinant
GTP-binding proteins and the glucosyltransferase domain of C. difficile toxin B
were prepared as described earlier32. The plasmids pGEX4T1-LARG (residues
766-1138) and pGEX4T1-PDZ-RhoGEF (residues 712-1081) were kindly pro-
vided by M. Reza Ahmadian (University of Diisseldorf). All other reagents were
of analytical grade and purchased from commercial sources.

Antibodies. Anti-RhoA (26C4, dilution 1:400) and anti-Goy (sc-392, dilution
1:2,000)2* antibodies were from Santa Cruz (California, USA), anti-Racl (Mab
102, dilution 1:5,000) from BD Bioscience (Heidelberg, Germany), anti-Racl
(23A8, dilution 1:2,500) from Millipore (Schwalbach, Germany), anti-Cdc42
(17-299, 1:500) from Upstate and anti-GAPDH (6C5, dilution 1:20,000) anti-
body from Millipore. Anti-GST (27-4577-01, dilution 1:2,000) was from GE
Healthcare and horseradish peroxidase-linked anti-mouse antibody from
Rockland Immunochemicals (cat. no. 610-703-124, dilution 1:3,000). Antibody
specifications are on manufacturer's website. Deamidation-specific anti-Gq
QE (3G3) antibody?* (dilution 1:250) was kindly provided by Y. Horiguchi
(Osaka University).

Cloning of genes for bacterial expression. The gene PaTox (PAU_02230) and the
fragments PaToxC and PaToxG D were amplified with Phusion DNA polymerase
from the genomic DNA of P. asymbiotica (ATCC 43950) with oligonucleotide
primers with additional restriction sites for BamHI and Sall (Supplementary
Table 3). The genes were ligated into a predigested pET28a vector with an
introduced tobacco etch virus (TEV) protease cleavage site. QuikChange Kit
(Stratagene, La Jolla, CA) in combination with PfuUltra HF DNA polymerase was
used for the replacement of one to three nucleotides, using the oligonucleotides
shown in Supplementary Table 3. All sequences of corresponding plasmids were
confirmed by sequencing (GATC Inc., Konstanz, Germany).

Recombinant-protein expression. E. coli BL21* CodonPlus cells (Stratagene)
transformed with the desired plasmids were grown in LB medium supplemented
with the corresponding antibiotics on a shaker at 37 °C until Agy = 0.8. Protein
expression from the pET28-based plasmids was induced by 1 mM isopropyl-f-
D-thiogalactopyranoside (IPTG) (Roth, Karlsruhe, Germany) for 4-5h at 22 °C,
and pGEX-based expression was induced with 0.2 mM IPTG at 37 °C for 6 h.
Bacterial cells were harvested by centrifugation at 6,000g for 15 min, resuspended
in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 25 mM imidazole,
30 pg/ml DNase I, 1 mM B-mercaptoethanol, and protease-inhibitor cock-
tail (Roche)) and lysed by French press or ultrasonic treatment. The cleared
lysate was subjected to chromatography on a glutathione-Sepharose or nickel-
equilibrated chelating Sepharose Fast Flow column (GE Healthcare) according to
the manufacturer’s instructions. Bound proteins were eluted with 10 mM reduced
glutathione, 0.5 M imidazole, thrombin treatment, or TEV protease treatment,
depending on the construct used. Thrombin was removed by binding to benzamidine-
Sepharose (GE Healthcare) and His-TEV by Ni**-affinity chromatography.
Further purification and removal of protein impurities or small-molecular-weight
components such as reduced GSH, EDTA, and labeled and unlabeled nucleotides
or analogs was achieved by size-exclusion chromatography with Superdex 75
or Superdex 200 (each 10/300) columns. For crystallization, selenomethionine-
labeled PaToxG (residues 2115-2449) was expressed and purified as His-tagged

protein with the method of Studier*3. After removal of the His tag by TEV-
protease treatment, PaToxC was additionally purified by cation-exchange chro-
matography (Resource S, GE Healthcare) and size-exclusion chromatography
(Superdex 75, GE Healthcare).

Cell culture. HeLa (ATCC CCL-2), RAW 264.7 (ATCC TIB-71) and J774 (ATCC
TIB-67) cells were cultured in Dulbeccos modified Eagle’s medium (DMEM) sup-
plemented with 10% FCS, 1% nonessential amino acids, 4 mM penicillin, 4 mM
streptomycin, and 1% sodium pyruvate (Biochrom, Berlin, Germany). Cells were
cultivated in a humidified atmosphere of 5% CO, at 37 °C. Where necessary, cells
were starved overnight in DMEM without FCS. Spodoptera frugiperda Sf9 cells
(ATCC CRL-1711) were cultivated in Grace’s insect medium (GIM) at 28 °C. For
intoxication of cells, GST-CNFy (400 ng/ml), PMT (150 ng/ml) native full-length
C. difficile toxin B (1 ng/ml), or a combination of Bacillus anthracis protective
antigen (PA, 0.5 ng/ml) and PaTox-fragments (370 ng/ml), were applied into the
medium and incubated for 4 h if not otherwise stated.

Actin staining. HeLa cells grown on glass coverslips were washed with PBS, fixed
with 4% formaldehyde in PBS and permeabilized with 0.15% (v/v) Triton X-100 in
PBS for 10 min at room temperature. Subsequently, the cells were incubated with
TRITC-conjugated phalloidin and washed again with PBS. Cells were embedded
with Mowiol supplemented with 1,4-diazobicyclo[2.2.2]octane (Sigma) and ana-
lyzed by fluorescence microscopy with an Axiophot system (Zeiss, Oberkochen,
Germany), and data were processed by Metamorph 7.0 (Universal Imaging,
Downingtown, PA).

G. mellonella injection. Latest-instar G. mellonella larvae were selected by similar
size and absence of any gray markings for reproducible results. Larvae were ran-
domly chosen, chilled on ice for 5 min and surface-disinfected with 70% ethanol.
A microsyringe with a 26-gauge needle was used to inject 10 pl PaTox toxin or
PaTox(NxN) solution (50 ng per larva), into the hemocoel through the last left
proleg. Control insects were injected with 10 pl PBS or left untreated. Two larvae
from the toxin-injected group and one from the mutant group were excluded
from the analysis because the injection had failed. Larvae from each replicate were
placed onto Greiner six-well plates (one larva per well) and incubated in the dark
at 28 °C for 88 h. Loss of larvae reaction upon poking and intense blackening due
to melanization were used as indication of death. Differences in survival were
analyzed by the Kaplan-Meier method with SigmaPlot 10.0 (Systat Software).
Expecting that toxin injection would result in death of all animals, we chose a
sample size of around 20. Control sample size was chosen on the basis of previ-
ous experiments showing no toxicity. Outcome assessment was performed by a
person not involved in injection of larvae.

Hydrolysis of UDP sugars by PaTox. UDP-sugar hydrolysis was measured as
described earlier for the glucosyltransferase toxin B from C. difficile32. PaToxC
(100 nM) was incubated with 10 pM UDP-[!#C]sugars in a buffer containing
50 mM HEPES, pH 7.5, 2 mM MgCl, and 1 mM MnCl,. Total volume was 10 pl.
After incubation for 15 min at 30 °C, samples of 800 nl were taken and subjected to
polyethylenimine (PEI)-cellulose thin-layer chromatography (Merck, Darmstadt,
Germany) with 0.2 mM LiCl as mobile phase to separate the hydrolyzed sugar
from intact UDP sugar. The plates were dried and analyzed by Phosphorimager.
Quantification was carried out with ImageQuant (GE Healthcare).

Glycosylation reaction. Recombinant PaToxC (1 nM or 10 nM in Fig. 2d,e;
100 nM in Fig. 2f) or the glucosyltransferase domain of C. difficile toxin B
(1 nM) were incubated with 10 uM UDP-['#C]N-acetylglucosamine or UDP-
[C]glucose, respectively, in a buffer, containing 50 mM HEPES, pH 7.4, 2 mM
MgCl,, and 1 mM MnCl, for 30 min at 30 °C in the presence of recombinant GST-
tagged GTP-binding proteins (2 LM, 4 uM in Fig. 2) or cell lysate as described pre-
viously®2. 1 g bovine serum albumin was added in reactions determining substrate
specificity. In the case of toxin B, potassium chloride was added to a final concen-
tration of 100 mM. Total volume was 20 pl. Labeled proteins were analyzed by SDS-
PAGE and phosphorimaging. For quantitative modification, GST-RhoA bound
to glutathione-Sepharose beads was modified with PaToxC (10 nM) and UDP-
GIcNAc (100 pM) or toxin B (10 nM) with UDP-glucose (100 uM). Beads were
extensively washed with glycosylation buffer, and RhoA was eluted by thrombin
cleavage in buffer C (10 mM TEA, pH 7.5, 150 mM NaCl, and 2.5 mM MgCl,).
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Thrombin was removed by the incubation with benzamidine-Sepharose.
Complete glycosylation was confirmed by a second in vitro glycosylation rea-
ction. All glycosylation reactions were repeated three times.

Mass spectrometric analysis. Glycosylation of RhoA, Racl and Cdc42 (5 ug
each) was performed with PaToxC (100 nM) in the presence of UDP-GIcNAc
(1 mM) for 30 min at 30 °C in glycosylation buffer. Deamidation of GST-Goy,
(2 ug) was performed by incubation with PaToxGS (100 nM) for 1 h at 30 °C
in a buffer containing 50 mM HEPES, pH 7.4, 50 mM NaCl, 5 mM MgCl,.
Afterwards, the samples were reduced with 50 mM DTT and alkylated with
120 mM iodoacetamide before SDS-PAGE. Excised gel bands were destained
with 30% acetonitrile (ACN), shrunk with 100% ACN, and dried in a vacuum
concentrator. Subsequently, protein digestion with thermolysin (Rho proteins)
was performed for 3 h at 60 °Cin 0.1 M NH,HCOj3, pH 8, and digestion of GST-
Goy, with trypsin was performed overnight at 37 °C in 0.1 M NH,HCO3, pH 8.
Approximately 0.1 pg of protease per gel band was used. Peptides were extracted
from the gel matrix with 5% formic acid and subsequently analyzed by LC-MS
on a Q-TOF mass spectrometer (Agilent 6520, Agilent Technologies) coupled to
a 1200 Agilent nanoflow system through a HPLC-Chip cube electrospray ioniza-
tion interface. Peptides were separated on a HPLC-Chip with an analytical col-
umn of 75 umi.d. and 150 mm length and a 40-nl trap column, both packed with
Zorbax 300SB C-18 (5-um particle size). Starting with 3% ACN, a linear gradient
with 1%/min at a flow rate of 300 nl/min was applied. The Q-TOF instrument
was operated in the 2-GHz extended dynamic range mode, and MS spectra were
acquired in the m/z range between 50 and 3,000. For MS/MS analyses, the instru-
ment was operated in the data-dependent acquisition mode. After a survey MS
scan (four spectra per second), a maximum of three multiple-charged peptides
were consecutively selected for MS/MS experiments (two spectra per second).
Internal mass calibration was applied. Mascot Distiller 2.4.2 was used for raw-
data processing and for generating peak lists, essentially with standard settings
for the Agilent Q-TOF instrument. Mascot Server 2.3 was used for searches in
the SwissProt protein database with the following parameters: peptide mass toler-
ance, 50 p.p.m.; MS/MS mass tolerance, 0.05 Da; enzyme, no specificity; variable
modifications, carbamidomethyl (C), Gln — pyroGlu (N-term. Q), oxidation
(M) and HexNAc (STY).

Effector- and GAP-binding assay. The Rho-binding region (RBD) of Rhotekin
(amino acids 1-90), the CRIB domain of PAK (amino acids 56-272), and
p50RhoGAP were expressed as GST-fusion proteins in E. coli BL21 and purified
by affinity chromatography with glutathione-Sepharose beads (GE Healthcare).
HeLa cells were treated with a combination of PA (0.5 pg/ml) and Photorhabdus
glucosyltransferase fragments (100 ng/ml), C. difficile toxin B (1 ng/ml) or GST-
CNFy (400 ng/ml) for 12 h. Then cells were stimulated with fresh FCS for 10 min
at 37 °C. Subsequently, cells were lysed in ice-cold buffer A (50 mM Tris, pH 7.4,
100 mM NaCl, 1% NP-40, 10% glycerol, 2 mM MgCl, and 1 mM PMSF), and
cellular debris was removed by centrifugation (30 min, 14,000 r.p.m.). A fraction
of the cleared lysates (50 ng of total protein) was analyzed by immunoblotting to
detect total amounts of the respective GTPases and GAPDH as a loading control.
The lysates were incubated for 60 min at 4 °C with GST-Rhotekin (RBD), GST-
PAK (CRIB domain) or GST-p50GAP immobilized on glutathione-Sepharose
beads. The beads were precipitated and washed with buffer A. Finally, proteins
were subjected to SDS-PAGE and transferred onto PVDF membranes, and
GTPases were detected by specific antibodies and horseradish peroxidase-linked
secondary antibodies.

For in vitro effector-pulldown experiments, recombinant wild-type and
glycosylated RhoA, Racl, and Cdc42 (2 pg) were loaded with the indicated non-
hydrolyzable nucleotides GTPYS or GDPfS (each 200 uM final concentration) by
incubation in buffer C (10 mM TEA, pH 7.5, 150 mM NaCl, and 2.5 mM MgCl,)
for 30 min at 37 °C. Samples were diluted and incubated for 20 min at 4 °C with
GST-Rhotekin (RBD), GST-PAK (CRIB domain), or GST-RhoGAP immobilized
on glutathione-Sepharose beads. Beads were washed and precipitated proteins
analyzed by western blotting. All experiments were repeated three times.

Filter-binding assay for GAP-stimulated GTPase activity. Toxin-treated or con-
trol GTPases (2.2 UM) were loaded with [y-32P]GTP (100 uM) for 5 min at 37 °Cin
loading buffer (50 mM Tris-HCI, pH 7.5, 10 mM EDTA, and 5 mM DTT). MgCl,
(25 mM, final concentration) and unlabeled GTP (2 mM final concentration)

were added. GTPase activity was measured at 25 °C. GAP stimulation was per-
formed by the addition of the 30-kDa active fragment of p50RhoGAP (216 nM
final concentration). At the indicated time points, proteins were collected by
filtration through wet 0.22-um nitrocellulose filter discs. The filters were washed
three times with ice-cold buffer A (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, and
5 mM MgCl,), and protein-bound [y->*P]GTP was quantified by liquid scintil-
lation counting.

Mant-GDP and mant-GppNHp binding. The measurements were carried out on
a LS50B spectrofluorometer from PerkinElmer at 37 °C. The nucleotide exchange
of RhoA was measured over time as the increase in fluorescence intensity at
Aem =444 nm (A, = 360 nm) of mant-nucleotides upon binding to RhoA. Mant-
GDP or mant-GppNHp (1 uM) was incubated with RhoA (0.5 uM) in degased
buffer C (10 mM TEA, pH 7.5, 150 mM NaCl, and 2.5 mM MgCl,). The samples
were excited in a cycle of 1 min for 1 s. Exponential fitting of the data was done
with SigmaPlot 10.0.

Measurements of G-nucleotide exchange reactions. Preglycosylated RhoA
(0.5 uM) and wild-type RhoA (0.5 uM) were incubated with mant-GDP (1 uM)
in degased buffer C at 20 °C. After 5 min, GEFs leukemia-associated RhoGEF
(LARG), PDZ-RhoGEF or p47-LBC RhoGEF were added to a final concentra-
tion of 200 nM and incubated for the indicated time periods. Fluorescence was
measured with an LS50B spectrofluorometer at A, = 460 nm (A¢y = 360). Each
experiment was repeated twice.

Crystallization. SeMet-derivatized PaToxC (amino acids 2115-2449) was crystal-
lized by the sitting-drop vapor-diffusion method at 18 °C. Protein (10-15 mg/ml
in 10 mM Tris-HCI, pH 7.4, and 150 mM NaCl) was mixed 1:1 with reservoir
solution (100 mM Tris-HCI, pH 8.5, 500 mM NaCl and 20% PEG 3350). For
UDP-GIcNAc binding, crystals were soaked for 10 min with 5 mM UDP-GIcNAc
and 5 mM CaCl,. 20% ethylene glycol was used for cryoprotection.

Data collection and refinement. Diffraction data were collected at 100 K on
beamlines PXI of the Swiss Light Source (SLS) and BM14 of the European
Synchrotron Radiation Facility (ESRF), processed with XDS* or MOSFLM*®
and integrated with SCALA“®. Structure solution was performed by SAD with
PHENIX AutoSol* to identify selenomethionine positions. An initial model for
structure refinement was obtained from PHENIX AutoBuild*®. The final model
was obtained after several alternated cycles of model building with COOT*’ and
REFMAC™ from the CCP4 suite®!. Quality of the structure was checked with
PROCHECK?? and MolProbity>* and resulted in 98.7% of the residues in the
most-favored and 1.3% in the additionally allowed regions of the Ramachandran
plot. Figures were prepared with PyMOL (http://www.pymol.org/). Data collec-
tion and refinement statistics are in Table 1.

'H-NMR analysis. The samples contained 0.7 mM RhoA-Mg?*-GDP in d, , Tris-
HCL, pH7.1,30 mM NaCl, 10 mM MgCl,, and 0.2 mM DSS in D,0. 'H 1D NOESY
experiments were performed with a mixing time of 10 ms and solvent presatura-
tion during relaxation delay and mixing time. A spoil gradient was applied during
mixing time. Homonuclear 'H 2D NOESY and TOCSY spectra were recorded
with 4,096 data points in the £2 dimension and 1,024 real free induction decays
in the f; dimension. NOESY spectra were acquired with mixing time of 150 ms
and water suppression by presaturation during relaxation delay and mixing time.
TOCSY spectra were performed with a MLEV17 sequence and a spinlock time
of 60 ms. The water signal was suppressed by selective excitation with 3-9-19
pulse with defocusing gradients®*. Measurements were performed in a 5-mm
tube within a Bruker Avance 600 NMR spectrometer equipped with a TXI-Cryo
probe. Proton chemical shifts were referenced to 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) as internal standard. To investigate protein modification, we
added 2 mM UDP-GlIcNAc and 2.5 nM PaTox® to 1 mM RhoA-Mg?*~GDP in
buffer mentioned above. The reaction was followed by a series of 'H 1D NOESY
spectra at 298 K. After the reaction was completed, the protein was applied to size-
exclusion chromatography (NAP 5 column) in the same buffer to remove most
of the free nucleotide. From this sample, 1D as well as 2D TOCSY and NOESY
spectra were recorded at 298 K. Afterwards the modified and native protein was
denatured in the presence of 6 M urea, and the same set of spectra were recorded
at 323 K. The resonances of the ring protons of Y34 were assigned with classical
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methods from their cross-peak patterns in 2D TOCSY and 2D NOESY spectra
recorded in D,O. Figure 5a shows that selectively one tyrosine cross-peak pattern
is influenced by the modification. NOESY cross-peaks from the H® to the HP and
H® allow the identification of the corresponding spin systems, supported by HP-
H®*TOCSY cross-peaks. In unmodified RhoA, the corresponding chemical-shift
value in the native protein of the H* shift corresponds exactly to that reported™
for Y34. In the modified protein, the corresponding values are 4.43 p.p.m.
(H®), 2.98 p.p.m. and 2.92 p.p.m. (HP), 7.12 p.p.m. (H%) and 7.00 p.p.m. (HE).
In the modified protein, cross-peaks from HE of Y34 to the H1” of the bound
GlcNAc are visible (Fig. 5b). The chemical shift of the H1” of the GIcNAc bound
to tyrosine (5.49 p.p.m) is typical for an o-anomer (Fig. 5b,c). The data were
resolution-enhanced by a Lorentzian-to-Gaussian filtering. A fit of the spectrum
with a Gaussian function provides a J-coupling value of 3.4 + 0.5 Hz (the error
corresponds to the digital resolution of the free induced decay) that is also in the
typical range for an oi-anomer®. In the presence of 6 M urea and at a temperature
of 323 K, RhoA is denatured, and the chemical shift of H1” of GIcNAc bound is
5.47 p.p.m., thus indicating that it occurs in the o.-configuration.

Original images of gels, autoradiographs and blots used in this study can be
found in Supplementary Figures 6 and 7.
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